To evaluate the environmental contamination and contributory external exposure after the accident at the Fukushima Nuclear Power Plant (FNPP), the concentrations of artificial radionuclides in soil samples from each area were analyzed by gamma spectrometry. Cs.
Introduction
On March 11, 2011, a 9.0-magnitude earthquake (The Great East Japan Earthquake) struck the east coast near Iwate, Miyagi, and Fukushima, Japan. The earthquake in combination with the tsunami caused extensive damage to the Fukushima Dai-ichi Nuclear Power Plant (FNPP) and convergence of the accident is not completely settled although recovery efforts are ongoing. Recently, it is estimated that various radioactive elements have been released by hydrogen detonation and damage to the The two main pathways leading to radiation exposure of the general public due to "fallout" are external exposure from radionuclides deposited on the ground and internal exposure through ingestion of contaminated foods produced in contaminated areas. It is extremely important to evaluate the environmental contamination and external and internal exposure risks due to nuclear disasters for radiation protection and public health. Risks of internal exposure are extremely low because restrictions of foods intake by the nation are strictly carrying out after the FNPP accident 
Measurement of radionuclides
For the evaluation of external radiation exposure, undisturbed surface soils were collected by a core sampling technique (12 samples at soil depths of 0-5 cm and 5-10 cm) around FNPP between March and July, 2011 (Fukushima city on March 22 and June 29, Iwaki city on April 7, Ono town on April 7
and Iitate village on July 11, respectively). Six samples were collected at Fukushima Medical University (Fukushima city) and two samples were collected at Iwaki common building (Iwaki city),
Ono town office (Ono town) and Iitate village office (Iitate village), respectively. The quantity of soil collected in each area was between 8.8 and 106 g. After collection, all samples were dried by a fixed temperature dryer (105°C, 24 h) and sieved for pebbles and organic materials (<2 mm) before measurement of radionuclide activity.
After preparation, samples were put in plastic containers made of polypropylene and analyzed with a high purity germanium detector (ORTEC ® , GEM35, Ortec International Inc., Oak Ridge, TN, USA)
coupled to a multi-channel analyzer (MCA7600, Seiko EG&G Co., Ltd., Chiba, Japan) for 7,200 s (FNPP). We set the measuring time for that at which objective radionuclides could be detected sufficiently, although we must reinforce monitoring of the environmental after the FNPP accident. (1) .
All measurements were performed at Nagasaki Prefectural Institute for Environmental Research and Public Health (Nagasaki, Japan).
Effective dose
After measurements, external effective doses from soil samples were calculated from artificial radionuclide concentrations with the following formula: g/cm 2 ) set to 1.0 due to the passage of 3-6 weeks immediately after the accident at FNPP and set to 2.0 due to the passage of less than 1 year after the accident at FNPP (dose conversion coefficients are shown in the Appendix) (2) ; f is the unit conversion coefficient (0.7 Sv/Gy for effective dose rate in the body per unit absorbed dose rate in air) (3) ; and s is the occupancy-shielding factor (0.2 fractional time outdoors + 0.8 fractional time indoors × 0.2 building shielding = 0.36) (3) . Also, annual external effective doses due to radioactive cesium ( 
Results
The distribution of detected artificial radionuclides in surface soil samples around FNPP are shown in Nb, and 136 Cs (these concentrations are shown in Table 1 ). In several months after the accident, the prevalent dose-forming artificial radionuclides from soil samples around FNPP were 134 Cs, 137 Cs, and 129m
Te (these concentrations are shown in Table 1 ).
Next, the vertical distribution of detected artificial radionuclides in soil samples around FNPP are shown in Table 2 . The concentrations of detected artificial radionuclides in surface soils around FNPP were higher than these of lower layers and these radionuclides were mainly accumulated in surfaces (these concentrations are shown in Table 2 ).
For estimating the external effective doses, the activity concentrations in kBq/m 2 of detected artificial radionuclides in surface soils (0-5 cm) around FNPP were calculated from these radionuclides concentrations in Bq/kg (these concentrations are shown in Table 3 ).
The external effective doses from detected artificial radionuclides around FNPP using Eq. (1) are summarized in Table 4 . Immediately after the accident, calculated external effective doses around FNPP were 1.9-2.9 μSv/h (8.7-17.8 mSv/y) in Fukushima city, 0.058 μSv/h (0.092 mSv/y) in Iwaki city, and 0.092 μSv/h (0.62 mSv/y) in Ono town, respectively. Several months after the accident, the calculated external effective doses around FNPP were 0.25-0.88 μSv/h (2.2-7.6 mSv/y) in Fukushima city and 0.53 μSv/h (4.6 mSv/y) in Iitate village, respectively. (these doses are shown in Table 4 ). Thus, these emergency zones are extremely important areas for practicing environmental monitoring until the evacuation zones are re-designated. Cs, were detected in the soil in Fukushima and confirmed that detected artificial radionuclides in soils were mainly distributed in the depth of 0-5 cm (Table 1 and Table 2 ). Radionuclides are generally transported by adhesion to aerosol or soil particles and weather condition such as rain, snow and wind is likely to play a crucial role in transporting radionuclides from FNPP. It is suggested that a part amount of radionuclides deposits on the surface soil and others are transported to underground with rain or are transferred to some other places by re-floating. Radionuclide analysis of environmental samples is extremely practical for the evaluation of current environmental radioactivity levels. 
. Long-term (10 days) and complicated dynamics of the release of radioactive substances from Unit 4 of CNPP during the accident and changes in the meteorological conditions during this period have resulted in a composite picture of contamination of vast territories (4) . Various radioactive elements such as radioactive noble gases, iodine isotopes, radio-cesium, and less volatile radionuclides were released from the reactor into the atmosphere (5) . During the first weeks after the CNPP accident, most of the activity deposited on the ground consisted of short-lived radionuclides such as 131 I (3) . Deposition in the nearby contaminated zone (<100 km) reflected the radionuclide composition of the fuel and the volatile elements including iodine and cesium in the form of condensation-generated particles were more widely dispersed into the far zone (from 100 km to approximately 2,000 km) (3) . The
137
Cs deposition was highest within a 30-km radius area surrounding the reactor, known as the 30-km zone, and deposition densities exceeded 1,500 kBq/m 2 in this zone and some areas (Gomel, Kiev, and Zhitomir regions) of the near zone to the west and northwest of the reactor (3) . Nearly 400 million people resided in territories that were contaminated with radioactivity at a level higher than 4 kBq/m 2 (0.11 Ci/km 2 )
from April to July 1986 (6) . In 2000, the total inventories of the fuel component radionuclides in the upper 30 cm of the soil layer in the 30-km Chernobyl zone in Ukraine were estimated as 0.4-0.5% of the radionuclide amounts in the CNPP Unit 4 at the moment of the accident (6) . According to the 2006 IAEA report, the external doses around CNPP during 1986-2005 were about 1.2 times higher, and internal doses were about 1.1-1.5 times higher, than those obtained during 1986-1995 (depending on soil properties and applied countermeasures) (7) . Moreover, our previous study revealed that areas around CNPP, especially the Russian-Belarussian border including Klincy city and Gomel oblast, are still contaminated (8) . Although releasing amounts of artificial radionuclides from nuclear reactors and diffusion scales differ between FNPP and CNPP, data of the environmental radioactivity level around CNPP is extremely important for taking countermeasures against radiation exposure in the future of . Most of the thyroid dose was caused by the intake of 131 I with food during the first weeks after the Chernobyl accident. The shorter-lived radioiodines decayed quickly during the food-chain transport and their contribution is estimated to have been on the order of 1% of the thyroid dose due to 131 I (10, 11) . The collective effective dose received during 1986-2005 by ~5 million residents living in affected areas of Belarus, Ukraine, and Russia was ~50,000 man-Sv with ~40% from ingestion (7) . That contribution might have been larger if countermeasures had not been applied (7) . In the present study, current internal exposure through the consumption of locally produced food around FNPP may be very small for countermeasures against the health effects on the human body. However, estimated external effective doses due to radioactive cesium of Fukushima city and
Iitate village located in northwest of FNPP exceeded 1mSv/y, the public dose limit (ICRP, 1991) ( Table 4 ). The national government aims to reduce the estimated annual exposure dose to less than 20 mSv on the areas with an estimated annual exposure dose of greater than 20 mSv (emergency exposure situations) and the estimated annual exposure dose closer to 1 mSv on the areas with an estimated annual exposure dose of less than 20 mSv with municipalities and local residents to conduct effective decontamination work (existing exposure situations) (12) . Especially, the government aims to Cs, and 137 Cs were detected at high levels in the areas around FNPP immediately after the accident, these radionuclides could be analyzed sufficiently at very small quantities. However, further investigation with detailed conditions is needed.
It is extremely important to estimate effective doses from the environmental samples such as soil by gamma spectrometry. The soil contamination due to the dispersion of fallout derived from the accident becomes a serious problem in Fukushima. Residents, especially children, adolescents, and pregnant women, are anxious about the adverse health effects of radiation exposure from the environment including soil, plants, and tap water. Moreover, residents who are engaged in farming or fishery worry about this circumstance because artificial radionuclides in foodstuffs such as crops and fishes are transferred to humans in the food chain. Since 1991, a change in this development has been observed: many measurements show stagnation or in some cases, even an increase in the contamination of foodstuff and humans in the Bryansk-Gomel Spot, although only a few groups of foodstuffs, such as potatoes, show a slight decrease in radioactivity (13) . However, it was reported that reduced plant uptake of radionuclides, especially 137 Cs and 90 Sr, by competitive cations contained in chemical fertilizers has a general advantage in large-scale, low-level contamination incidents on arable land and has been widely practiced in central and western Europe after the Chernobyl accident (14) . The existing remediation approaches and phytoextraction (phytoremediation) of radionuclides from contaminated soils have been examined (15) . Thus, the remediation of contaminated soil by artificial radionuclides is a crucial social responsibility in Japan and internationally.
In conclusion, the external exposure potencies derived from the FNPP accident were evaluated. The present study revealed that artificial radionuclides derived from the accident were detected from soil samples in areas around FNPP even though current levels are decreasing gradually for the decay of * set to 1.0 due to the passage of 3-6 weeks immediately after the accident at FNPP and 2.0 due to the passage of less than 1 year after the accident at FNPP
